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The bacterial epiphyte Pseudomonas syringae MF714R was cultured on agar or in broth or collected from
colonized leaves; it was then inoculated onto greenhouse-grown bean plants incubated in a growth chamber at
low relative humidity or in the field or onto field-grown bean plants. Cells cultured in liquid medium survived
the least well after inoculation of leaf surfaces under all conditions. Cells cultured in solid medium exhibited
the highest percent survival and desiccation tolerance in the growth chamber but generally survived less well
in the field than did cells harvested from plants. Cells harvested from plants and inoculated onto plants in the
field usually exhibited the highest percent survival, started to increase in population earlier, and reached a
higher number than did cells cultured in vitro. Differences in field survival were apparently not attributable to
differential UV tolerance. The observed effects of phenotypic plasticity on epiphytic survival and colonization
should be considered in risk assessment studies, in studies of bacterial epidemiology, and in the use of microbial
antagonists for biological pest control.

Research with plant-associated microorganisms is gener-
ally conducted with in vitro-grown laboratory cultures,
which are assumed to be phenotypically representative of
the naturally occurring microorganism. The possible impacts
of phenotypic plasticity on the epiphytic survival and colo-
nization potential of these microorganisms are rarely con-
sidered. Such plasticity may be particularly important in
assessments of risk associated with the field application of
genetically engineered microorganisms. Risk assessment
studies with genetically engineered microorganisms assume
that the behavior of a laboratory culture in a microcosm is a
good predictor of the behavior of the same strain released
into the field environment (2, 3, 12); however, this assump-
tion is rarely tested. Evidence from the recent release of a
recombinant Pseudomonas syningae strain (29) indicated
that laboratory-cultured microorganisms were less able to
survive aerosolization and survive epiphytically than were
cells that had dispersed secondarily and were preadapted to
the phyllosphere environment. Models developed to predict
the environmental fate of genetically engineered microorgan-
isms after field application rely on accurate estimates of
microbial death rates (21, 22, 25). Although the effects of in
vitro culture conditions on survival after aerosolization (31,
40) and survival on artificial surfaces (13, 39) have been
examined, there have been no studies on the effects of
culture conditions and preadaptation to the phyllosphere
environment on epiphytic survival. Reliable estimates of the
dispersal and colonization potential of genetically engi-
neered microorganisms released into the natural environ-
ment will not be obtained if inappropriate data derived from
phenotypically unrepresentative in vitro cultures are used.

Phenotypic plasticity may also affect studies on the epide-
miology of plant pathogens in which the behavior of a
laboratory culture is assumed to accurately reflect the be-
havior of the naturally occurring microorganism in the field.
Phenotypic differences between laboratory cultures and cells
isolated from host plant tissue in both fungal and bacterial
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pathogens, including Sclerotium rolfsii (35) and Corynebac-
terium michiganense subsp. tesselarius (19), have been
observed. Further, pathogenicity may be greater in bacterial
cells associated with host tissue than in laboratory cultures;
for example, Agrobactenum tumefaciens associated with
gall tissue caused more infections in grapevine than did the
same strain cultured in the laboratory (5). Although several
authors have expressed concerns that in vitro selection
procedures for microbial antagonists do not select for field
survival and that laboratory cultures are not as ecologically
competent as the naturally occurring organism (1, 23, 37,
41), few attempts have been made to determine the effect of
culture conditions on strain behavior in the field (41).

Part of the genome of plant-associated microorganisms is
not expressed constitutively but requires induction by plant
signals not found in the media typically used to culture these
organisms in the laboratory. For example, some of the
pathogenicity genes in species of the genera Pseudomonas,
Erwinia, Xanthomonas, and Agrobacterium (4, 20, 26, 33,
42) and the nodulation genes in Rhizobium tnifolii are in-
duced by specific plant signals (17). It is apparent that the
pattern of gene induction in plant-associated microorganisms
is environment dependent, and hence strains cultured in
different ways may be expected to exhibit considerable
phenotypic plasticity. There may be considerable differences
in epiphytic survival and colonization potential between
laboratory cultures and cells preadapted to growth in the
phyllosphere environment. Preliminary results from this
laboratory indicated differences in survival between P. sy-
ringae cultured in vitro and the same species harvested from
leaf surfaces (44). In this study we investigated the effect of
phenotypic plasticity on the epiphytic survival and coloni-
zation potential of P. syringae in an attempt to assess the
impact of this plasticity in studies of risk assessment, epide-
miology, and biological control with microbial antagonists.

MATERUILS AND METHODS

Preparation of bacterial inocula. P. syringae MF714R was
cultured on solidified King's medium B (KB), in KB broth,
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TABLE 1. Environmental conditions prevalent during field experimentsa

Day Night

Expt no. Relative humidity (%) Temp (°C) Relative humidity (%) Temp (°C)

Range Mean Range Mean Range Mean Range Mean

GHb A 45-90 58.4 17.8-26.7 22.8 82-100 97.0 13.9-14.4 14.3
GH B 50-97 77.4 13.3-25.6 17.5 100 100 13.3 13.3
GH C 42-100 64.6 12.2-21.1 17.6 61-99 74.4 9.4-14.4 10.4
FLDC A 52-100 75.4 12.2-23.3 17.6 100 100 11.1-13.3 11.7

a Day, 8:00 a.m. to 6:00 p.m.; night, 6:00 p.m. to 8:00 a.m.
b GH, greenhouse-grown plants incubated under field conditions.
c FLD, field-grown plants incubated under field conditions. Environmental data are not available for replicate B.

and on bean leaf surfaces. P. syringae MF714R was cultured
on solidified KB amended with 100 ,ug of rifampin per ml for
24 h at 28°C. Bacterial cells were scraped from the plate and
suspended in phosphate buffer (0.01 M, pH 7.0). P. syningae
MF714R was cultured in KB broth amended with 100 ,ug of
rifampin per ml (250-ml flasks containing 50 ml of medium)
shaken at 100 rpm for 24 h at 28°C. Bacterial cells were
pelleted by centrifugation and resuspended in phosphate
buffer (0.01 M, pH 7.0). P. syringae MF714R cells
preadapted to the phyllosphere environment were harvested
from inoculated bean leaves. Bean plants (Phaseolus vul-
garis cv. Bush Blue Lake 274) were grown in a greenhouse
under conditions that minimized colonization by epiphytic
bacterial populations. These bean plants were spray inocu-
lated with an aqueous suspension containing 10' CFU of P.
syringae MF714R per ml in phosphate buffer (0.01 M, pH
7.0). The plants were subsequently incubated in a growth
chamber at 26°C and a relative humidity of 60 to 80%.
Leaves were collected after 72 to 86 h, and samples of
approximately 2 kg of leaf material were sonicated in chilled
washing buffer (0.1 M phosphate buffer, 1.0 g of Bacto-
Peptone [Difco] per liter) to dislodge the epiphytic P. syrin-
gae population from leaves. The bacterial suspension was
filtered through Whatman no. 2 filter paper to remove plant
debris and centrifuged to sediment the bacteria. Recovered
viable cells of P. syringae MF714R constituted, on the
average, approximately 30% of the total viable bacteria
harvested from bean leaves.

Plant inoculation. Bacteria harvested from KB agar (solid-
cultured bacteria), KB broth (liquid-cultured bacteria), or
collected from leaves (plant-harvested bacteria) were sus-
pended in phosphate buffer (0.01 M, pH 7.0) at a concentra-
tion of 10 MF714R cells per ml and sprayed onto bean
plants at the primary leaf stage. Inocula were applied as
follows: (i) to greenhouse-grown bean plants that were then
incubated in a growth chamber at low relative humidity (45
to 50%), high light intensity, and a temperature of 26°C; (ii)
to greenhouse-grown bean plants that were then incubated in
the field; and (iii) to bean plants grown in the field. A
summary of the environmental conditions experienced by
the plants during the field experiments is provided in Table 1.

Experimental design and enumeration of bacteria. For each
of the three incubation conditions (see above), several
experiments were conducted; each experiment was consid-
ered a randomized block, which was then replicated over
time. No replication of any treatment occurred within a
given experiment. Twenty individual leaves were harvested
at regular intervals from each treatment in each experiment.
The leaves were immersed in 20 ml of washing buffer in
22-mm-diameter test tubes and sonicated for 7 min (15);
appropriate dilutions were plated on KB amended with 50 ,g

of benomyl per ml, 100 ,ug of cycloheximide per ml, and 100
,ug of rifampin per ml. The mean log-transformed P. syringae
population size estimated from 20 individual leaves was
determined for each treatment and sampling time for a given
experiment. The time required for one-half of the cells to die
after inoculation, on the average (the inoculum half-life), and
the population doubling time were estimated from the slope
of regressions of log2 (population size) against time in the
phase of population decrease and increase, respectively, in
each experiment. Analysis of variance and calculation of
mean log bacterial populations were performed by using the
general linear models procedure in SAS (release 6.04; SAS
Institute, Cary, N.C.). Regression analysis was performed
by using the Proc Reg procedure in SAS. Population esti-
mates in some experiments were corrected by a multiplica-
tion factor that yielded similar initial cell concentrations for
each treatment, since small variations in initial cell concen-
tration of in vitro solid-cultured and liquid-cultured cells and
plant-harvested cells sometimes occurred.
Measurement of UV tolerance. Bacteria harvested from

KB agar or KB broth or collected from leaves were sus-
pended in phosphate buffer (0.01 M, pH 7.0) at a concentra-
tion of 108 cells per ml. One milliliter of each suspension was
placed in a watch glass (5 cm diameter). The watch glasses
were placed on a rotary shaker (100 rpm) beneath a UV lamp
(X, 254 nm) and exposed to a flux of 10.0 erg/mm2/s. Aliquots
were removed at 10-s intervals, and appropriate dilutions
were plated on KB as described previously (30).

RESULTS

Effect of culture conditions on survival and colonization of
P. syringae on greenhouse-grown plants in the growth cham-
ber. P. syringae cells cultured in liquid medium and inocu-
lated onto greenhouse-grown plants incubated in the growth
chamber exhibited the smallest percent survival, and P.
syringae cells cultured on solid medium exhibited the highest
percent survival and longest half-life. The population of
liquid-cultured cells decreased on the average 260-fold in the
growth chamber, in contrast to plant-harvested and solid-
cultured cells, which decreased on the average only 90- and
50-fold, respectively (Fig. 1). The mean half-life of the
solid-cultured cells was significantly longer (P = 0.05) than
the mean half-life of the plant-harvested cells or the liquid-
cultured cells (Table 2). In all three replicate experiments the
population size of plant-harvested cells started to increase
on plants earlier than did that of either liquid-cultured or
solid-cultured cells (Fig. 1); however, there were no signifi-
cant differences (P = 0.05) in the mean doubling times of the
P. syningae populations (Table 3). In all three experiments,

VOL. 59, 1993



412 WILSON AND LINDOW

7.5

"-.

1--
0
-i

C

(U0

0~
0-

7

6.5 F

6

5.5 I

5

4.5 F

4

7.5

U)

4-

U)
0
-4

C

0.

0a-

7

0 2 4 6 8 10 12 14 16 18 20 22 24

6.5 1-

61

5.5 F

5

4.5 F

4

6.5

U)

N.)

UL)

0)

0

cn
0

-4-

(d

0

0 2 4 6 8 10 12 14 16 18 20 22 24

6

5.5 F

s F

4.5 F

4

3.5

3

C

I j I I* *-L* * I I

0 2 4 6 8 10 12 14 16 18 20 22 24

Time af ter Inoculation (h)
FIG. 1. Survival of P. syringae MF714R cultured on KB agar (A)

or in KB broth (A) or collected from bean leaf surfaces (-) on
greenhouse-grown bean plants incubated in a growth chamber at low
relative humidity and high light intensity in three replicate experi-
ments (A, B, and C). Each bar represents 1 standard error of the
mean.

P. syringae achieved similar population sizes after extended
incubation on plants (Fig. 1).

Effect of culture conditions on survival and colonization of
P. syringae on greenhouse-grown plants in the field. P. synin-

gae cells harvested from plants and inoculated onto green-
house-grown plants in the field exhibited a higher percent
survival, started to increase earlier, and reached a higher
population than did solid-cultured or liquid-cultured cells.
The population of liquid-cultured cells decreased on the
average 650-fold on greenhouse-grown plants in the field,
compared with the populations of solid-cultured cells and
plant-harvested cells, for which the average decreases were
250- and 50-fold, respectively (Fig. 2). The mean half-lives of
the inocula were not significantly different (P = 0.05) (Table
2). In all three replicate experiments the population size of
plant-harvested cells started to increase earlier and reached
a higher population size than did either liquid-cultured or
solid-cultured cells (Fig. 2); however, there were no signifi-
cant differences (P = 0.05) among the P. syringae popula-
tions with respect to mean doubling times (Table 3).

Effect of culture conditions on survival and colonization of
P. syringae on field-grown plants. P. syningae cells harvested
from plants and inoculated onto field-grown plants exhibited
a higher percent survival and reached a higher population
than did solid-cultured or liquid-cultured cells. The popula-
tion of liquid-cultured cells on inoculated plants in the field
decreased 1,300-fold; solid-cultured cells and plant-har-
vested cells decreased 560- and 360-fold, respectively (Fig.
3). The mean half-lives of the inocula were not significantly
different (P = 0.05) (Table 2). In both experiments, P.
syringae derived from the plant-harvested inoculum reached
the highest population size; however, there were no signifi-
cant differences in the mean doubling times (Table 3).

Factors potentially involved in survival differences. Since
UV light may be a significant stress experienced by epiphytic
populations, we measured the ability of P. syringae to
survive exposure to UV light in vitro; however, there were
no significant differences (P = 0.05) in the UV tolerances of
cells cultured in different ways (Fig. 4).
The survival rates of bacterial cells cultured on different

solidified media were compared to determine whether prior
exposure to low water potential or nutrients expected to be
abundant on leaf surfaces could influence subsequent sur-
vival and colonization of the phyllosphere. Cells cultured on
KB agar amended with 0.6 M sodium chloride to increase the
osmotic concentration did not survive better than did cells
cultured on unamended KB (data not shown). Cells cultured
on water-agar containing bean leaf leachates, or on leaf
diffusate medium (27) did not survive better or start to
multiply earlier than did cells cultured on KB (data not
shown).

DISCUSSION

Considerable differences in epiphytic survival and coloni-
zation ability were observed in P. syringae cells cultured
under different conditions and inoculated onto plants incu-
bated under controlled and variable field environments.
Although culture age has previously been shown to affect
survival of bacterial cells during in vitro desiccation (32, 38,
39), no effect on survival was demonstrated when cells
derived from plant tissue were compared to cells from in
vitro culture. Neither P. syringae pv. glycinea derived from
bean leaf lesions (39) nor Erwinia carotovora derived from
potato tubers (13) survived any better than the laboratory
culture did when desiccated in vitro. The effects of pheno-
typic plasticity on epiphytic survival and colonization ob-
served in this study have not been reported previously.

P. syringae populations showed remarkable ability to
colonize the leaf surface under stressful environmental con-
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TABLE 2. Half-lives of P. syringae inocula applied to plants and then incubated under different conditionsa

Half-life (min) in field conditions
Growth

Greenhouse plantsc Field plants'conditions

A B C D Mean A B C Mean A B Mean

Agar 60.3 72.9 131.9 88.4a 94.8 47.8 47.8 63.5a 37.7 34.7 36.2a
Broth 27.0 40.1 28.8 32.Ob 104.0 38.1 46.7 62.9a 31.7 28.4 30.1a
Plant 30.4 29.8 38.6 41.6 35.lb 94.9 36.9 37.1 56.3a 39.1 29.7 34.4a

a For each column, means followed by the same lowercase letter do not differ significantly according to the Duncan multiple-range test (P = 0.05). The letters
in the subheadings refer to the replications of each experiment and correspond to the letters in the figures.

b Greenhouse-grown plants were inoculated and returned to the growth chamber.
c Greenhouse-grown plants were inoculated and transferred to the field.
d Field-grown plants were inoculated while in the field.

ditions in the absence of free moisture. Although growth of
P. syringae on dry leaf surfaces has been observed previ-
ously (16), not all epiphytic bacterial pathogens are able to
grow and maintain populations at low relative humidity (24,
43, 46). In all experiments, the size of the P. syringae

population decreased rapidly after inoculation and exposure
to environmental stress but then increased again. The drop
in population size did not result from the production of
viable but nonculturable cells (45). The observations are

consistent with the desiccation and death ofP. syringae cells
occupying exposed sites in the phyllosphere and the multi-
plication of cells that had survived desiccation by occupation
of protected sites (24). The processes of growth and death
probably occurred concurrently, not consecutively, and the
multiplication of the P. syningae cells in protected sites
probably commenced after a variable lag phase. The percent
survival and the doubling times therefore may be overesti-
mated. The estimated doubling times of the P. syringae
populations in the growth chamber were generally longer
than the in vitro doubling times at the same temperature (47),
and the doubling times of the P. syringae populations in the
field were longer than those observed by Hirano and Upper
(16) on snap-bean leaflets under similar conditions.

P. syningae cells cultured in KB broth consistently sur-
vived least well when spray inoculated onto bean leaves,
although the mean half-life of viability was not significantly
different from that of the plant-harvested cells. Although the
liquid-cultured cells were not more sensitive than the plant-
harvested cells to desiccation (as indicated by the half-life of
viability), apparently a lower percentage survived desicca-
tion, indicating that either a smaller percentage occupied
protected sites or the percentage survival of plant-harvested
cells was overestimated. The shorter lag phase exhibited by
the plant-harvested cells could lead to an overestimation of

the percent survival of these cells compared with that of the
liquid-cultured cells, despite similar desiccation sensitivity.
P. syningae cells cultured on KB agar exhibited a higher
percent survival and were less sensitive to desiccation (as
indicated by the longer half-life of viability) than were
plant-harvested cells when inoculated onto bean leaves in
the controlled conditions of the growth chamber but sur-
vived less well than plant-harvested cells in the field envi-
ronment. P. syringae cells preadapted to the phyllosphere
environment apparently survived better than in vitro cul-
tured cells when inoculated onto bean leaves under the
variable conditions of the field environment. The popula-
tions derived from preadapted cells also started to increase
earlier and reached a greater size than did those derived from
in vitro-cultured cells.
The phyllosphere is often considered a harsh environment

subject to desiccation stress (7) and damaging UV radiation
(6, 18). Several traits have been hypothesized to improve
epiphytic fitness, including exopolysaccharide production,
UV tolerance, and osmotolerance (28), and any one of these
phenotypic traits may have been affected by the culture
conditions. Although the role of exopolysaccharide in des-
iccation tolerance remains unproven (11, 28), Pseudomonas
cultures incubated in sand at low water potential contained
more exopolysaccharide than did those at high water poten-
tial, suggesting that, at least in the soil environment, in-
creased exopolysaccharide production enhances survival
during desiccation (36). Differences in the quality and quan-
tity of exopolysaccharide produced by cells cultured in vitro
and in vivo have been demonstrated (9, 14, 34); this may
have contributed to the higher desiccation tolerance of the
solid-cultured cells compared with that of the plant-har-
vested cells. Although UV tolerance may be a component of
epiphytic fitness (28), differences in UV tolerance do not

TABLE 3. Doubling times of P. syringae inocula applied to plants and then incubated under different conditionsa

GrowthDoubling time (min) in growth chamberb
Doubling time (min) in field conditions

crodti Greenhouse plantsc Field plantsdconditions
A B C D Mean A B C Mean A B Mean

Agar 207.4 127.4 189.2 174.7a 360.7 387.6 326.3 358.2a 403.6 261.3 332.4a
Broth 181.6 125.4 153.5a 331.4 339.1 252.4 307.6a 326.6 171.1 248.8a
Plant 186.0 163.5 104.0 94.1 136.9a 275.1 423.3 268.1 322.2a 302.1 213.3 257.7a

a For each column, means followed by the same lowercase letter do not differ significantly according to the Duncan multiple-range test (P = 0.05). The letters
in the subheadings refer to the replications of each experiment and correspond to the letters in the figures.

b Greenhouse-grown plants were inoculated and returned to the growth chamber.
Greenhouse-grown plants were inoculated and transferred to the field.

dField-grown plants were inoculated while in the field.
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FIG. 2. Survival of P. syringae MF714R cultured on KB agar (A)

or in KB broth (-) or collected from bean leaf surfaces (-) on
greenhouse-grown bean plants incubated in the field in three repli-
cate experiments (A, B, and C). Each bar represents 1 standard
error of the mean.

appear to account for the differences in survival abilities
observed in these experiments. The solid-cultured cells
exhibited a small increase in UV tolerance; however, this
was not significantly different from the UV tolerance of the
liquid-cultured or plant-harvested cells. Tolerance of os-
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phyllosphere at low relative humidity, may also be advanta-
geous; however, preconditioning of cells on media with
increased osmotic potential did not increase epiphytic sur-
vival of P. syningae. By contrast, survival of Rhizobium
meliloti after desiccation at 0% relative humidity was im-
proved by prior growth in media with increased osmotic
potential (32).

Preadaptation to the phyllosphere environment apparently
enhances the ability of P. syringae to survive the stressful
conditions encountered in that environment and also reduces
the amount of time required for adjustment to the physical
and nutritional environment before multiplication. The use
of solid media containing nutritional components found in
leaf leachates did not induce the superior survival ability
characteristic of plant-harvested cells, suggesting that these
particular nutritional factors did not trigger the adaptive
responses of P. syningae. The genes induced during pread-
aptation and the phenotypic traits they confer remain elusive
and deserve further investigation.
These data show that culture conditions do affect pheno-

typic traits that are involved in epiphytic survival and
colonization. Risk assessment studies, in addition to con-
cerns about standardization of recovery and enumeration
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procedures (8, 10), should direct attention to the preparation
of inocula that are phenotypically representative of the
organism found in association with plants. Data derived from
the survival of a liquid-cultured inoculum in a microcosm are

probably not good predictors of the survival of the same

strain released into the field environment and dispersed
secondarily from plant surfaces. Epidemiological studies
should likewise note that phenotypic differences between in
vitro and in vivo cultures may result in inaccurate interpre-
tations of the epidemiology of the disease.
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